Abstract The gastrointestinal immune system consists of both innate and adaptive immunity. The microbiota plays an important role in gastrointestinal immune function. In newborns, the maternal gut microbiota may either come across into the amniotic fluid or secrete factors that enter the amniotic fluid and affect the development of oral tolerance in utero. Adequate colonization must occur in the immediate postpartum period for the appropriate mucosal immune response since it is apparent that later attempts at colonization do not have the same impact. Human milk, being also a direct source of microbes, represents one of the main factors that play a critical role in influencing infant's microbiota composition.
Introduction
The gut is at the center of a complex system. Being the interface with the outside world, it is continuously exposed to microbial insults, so it must be capable of an efficient immune reaction to prevent adherence and colonization of potential pathogens. On the other hand, it must allow the passage of nutritional elements, growth factors, and maternal immunoglobulins (from breast milk) without reacting toward dietary and commensal microbial antigens, thus, achieving the immune tolerance.
The Gut and its Role in Immune Function
The gastrointestinal immune system consists of both innate and adaptive immunity. The first one, evolutionarily older, prompts an immediate but unspecific action against microorganisms through soluble factors (lactoferrin, peroxidase, lysozyme), phagocytic cells (macrophages and neutrophilic granulocytes), and pattern recognition receptors (PPRs) that, when they identify specific molecular patterns belonging to microorganisms (MAMPs), activate innate immune responses [1] The main protagonist of the intestinal adaptive immunity is the ''gut associated lymphoid tissue'' (GALT). In the Peyer's Patch (PP) the M cells take up the antigens from the lumen and transport them in the lamina propria without degrading them, but releasing them intact to the antigenpresenting cells (APC's) processing. In the mesenteric lymph nodes the dendritic cells (DCs) present the antigens' peptides through class II major histocompatibility (MHC) molecules to T naïve cells, determining their phenotype: Th1 and Th2 subsets. Th1, through the secretion of IFN-c, IL-2 and TNF-a, modulate cell-mediated immunity against intracellular pathogens, whereas humoral immunity is orchestrated by Th2, via IL-4 and IL-6 [1] .
When the microorganisms' (evolutionarily highly conserved) MAMPs bind the epithelial cells' PRRs, such as the Toll like receptors (TLRs), signaling cascades are activated, also via nuclear factor-jB (NF-jB), and a prompt immune response through chemokine and others antimicrobial products is achieved [2 •• ] . A harmful reaction against the commensal microorganisms that bind PRRs is avoided through complex mechanisms involving the IL-1 receptor associated kinase activation suppressor Tollinteracting protein and NF-jB agonist peroxisome proliferators-activated receptor c (PPAR-c) [3] .
Despite the several and efficient mechanisms that cooperate for the stratification of the microbiota, many commensal microorganisms make a breach in the gastrointestinal barrier and most of them are phagocytized by macrophages in the lamina propria. At this point the second important mechanism of the host-microbiota relationship comes into play: the compartmentalization of the gut flora, aiming at minimizing exposure of penetrant resident bacteria to the systemic immune system: these bacteria do not penetrate the systemic secondary lymphoid tissue [ 
The intestinal immune system is able to shape the composition of the microbiota through the release of antimicrobial peptides: a-defensins by Paneth cells. It has been observed that mice with deficient functional or overexpressed human a-defensins, showed, even if there are no change in the total number of microorganisms, ''a-defensine-dependent'' modifications in the composition of intestinal microbial community [2 •• , [3] [4] [5] [6] .
The ability of the intestinal immune system to shape the microbiota is also suggested by many experiments in which several immune deficiencies cause a dysbiosis that may predispose to disease (as demonstrated in mice that lack the transcriptor factor T-bet [7] , in mice lacking the bacterial flagellin receptor TLR5 [8] , in mice deficient for epithelial cell expression of the inflammasome component NLRP6 [9 • ]).
The Intestinal Microbiota
The prosperous community of microorganisms that inhabit our gut engages a vivacious cross-talk with our immune system with reciprocal influences that are essential for the wellbeing of the individual.
The microbiota consists of 10 14 microorganisms: predominantly bacteria, mainly strictly anaerobes, but also viruses, protozoa, archae, and fungi. The adult microbiota comprises over 1,000 species and more than 7,000 different strains. The most abundant phyla are Bacteroidetes and Firmicutes [10] .
Several factors influence the composition of the microbiota: the type of delivery, the genetic heritage, the early diet (breast milk or formula feeding and, later, weaning), medications, infections and stress [11 • ]. Despite a significant interpersonal variation in the composition of the microbiota, the gut flora undergoes typical changes on its composition during the various stages of life. Modifications in the composition, or increase of pathogenic bacteria, can compromise the health state of the individual [10] .
The microbiota is part of the complex bidirectional communication system between the Central Nervous System and the gut, what is called the ''brain-gut-enteric microbiota axis.'' Through this bidirectional communication network, signals from the brain can modulate the motor, secretor, and sensitive functions of the gut and, vice versa, visceral information from the gastrointestinal tract can influence the brain function.
Indeed, it has been observed that surprisingly not only the brain may modify the microbiota (animal studies demonstrate that psychological stress alters the gut flora), but inversely the microbiota can modulate the brain's function and behavior [12] . New knowledge about this ''bottom-up'' pathway comes from the role of the Lactobacillus' ingestion in the regulation of emotional behavior and GABA receptor expression via vagus nerve in mice [13 •• ] .
Our understanding of the metabolic, structural, and protective function of intestinal flora has dramatically improved thanks to experiments on germ-free mice. Several morphological alterations were shown: enlarged cecum, reduced intestinal surface area, increased enterochromaffin cell area, smaller Peyer's Patches, and smaller villous thickness [10] .
The microbiota can also be considered part of the gastrointestinal mucosal barrier. In fact, it plays an important role in gastrointestinal immune function firstly by competing metabolically in the gut's lumen with pathogens for nutrients and receptors. Furthermore, it is also responsible for the release of antimicrobial compounds and it avoids the adherence and colonization of the gut by others pathogens, also by preventing via cell signaling process the release of virulence factors. It also degrades luminal antigens: in germ-free animals there is an increased transport of antigens across the intestinal epithelium [1] . The suppression in vitro of lymphocyte proliferation and IL-4 production, by cow's milk casein hydrolyzed with enzymes derived from lactobacilli, supports the immunomodulatory role of the antigens degradation by microbiota [14, 15] . In addition to its direct action against the pathogens, there is evidence demonstrating that some members of the commensal microbiota, such as E. coli, Bifidobacterium, Lactobacillus can interfere with some epithelial-apoptotic pathways triggered by other pathogens, thus increasing intestinal epithelial cell survival [16] . It has been shown also that the microbiota is involved in an increased epithelial cell proliferation and epithelium integrity, through translocation of the tight junction proteins and up regulation of genes involved in desmosome maintenance [17 
The microbiota induces the repair of damaged intestinal epithelium through a MyD88-dependent process that can be rescued in microbe-depleted animals by gavage with bacterial lipopolysaccharides (LPS) [ 
Germ-free mice lack isolated lymphoid follicles in the small intestine and also in IgAs and CD8ab intraepithelial lymphocytes [ 
In addition to the induction of host innate responses, the microbiota exerts also a strong influence on shaping of T cells subsets. Both (the opposite) anti-inflammatory and proinflammatory role can be attributed to the commensal flora [18] . For example, mice colonized by a SFB-deficient microbiota lack mucosal Th17 cells, whereas colonization of mice with segmented filamentous bacteria (SFB) increases the share of Th17 cells, that absolve a proinflammatory function such as the Th1 [19, 20] .
On the contrary, other components of the microbiota exert an anti-inflammatory function by inducing IL-10 expression or by polarizing the differentiation in T reg cells. The capsular polysaccharide A (PSA) of the Bacteroides fragilis drives the differentiation of IL-10 secreting T reg cells, whereas mutant Bacteroides fragilis lacking PSA shows a proinflammatory profile. However B. fragilis is responsible for a severe sepsis in immunocompromised hosts, demonstrating that the outcome of the interaction microbe-host does not depend only on the type of microbe involved in this process [18] .
Captivating experiments on animals show the role of the microbiota on the systemic immunity, suggesting the implication of the dysbiosis in the genesis of extra-intestinal immune-mediated disease [2 •• ] . In fact models for autoimmunity are dependent on colonization status: germfree mice have shown attenuation of disease in models of arthritis and experimental autoimmune encephalomyelitis (EAE); whereas, in models of Th17 cell-dependent arthritis and EAE, the monoassociation with SFB induces disease [21, 22 • , 23] .
Microbiota is also responsible for the activation of inflammation in immunocompromised hosts. Defective signaling through the phosphatase SHP-1 causes a microbiota-dependent autoinflammatory syndrome, that also takes place in mice lacking B and T cells. There are also a series of monogenic conditions of the nucleotide-binding oligomerization domain (NOD) receptor family considered to be autoinflammatory [ 
Interesting studies suggest that the microbiota can play a protective role against autoimmune disease. In a study that used the non-obese diabetic mouse model, the incidence of type 1 diabetes was strictly related to the presence of pathogens and to the microbiota diversity [24, 25] .
In allergy setting, a lower count of Lactobacillus and Bifidobacterium spp. in gut microbiota can precede the onset of the disease [26] .A study showed an increased development of allergic disease in mice after oral antibiotic administration [27] . Another study compared two groups of suckling Sprague-Dawley rats, one received 100 mg/kg/d Clamoxyl and the other one saline control. In the rats who received antibiotic, all bacteria were significantly reduced especially Lactobacillus, mainly in the colon. Affymetrix gene microarrays demonstrated that 10-30 % of the genes undergoing maturational changes showed modulation by the antibiotic so that their normal pattern of maturation was either accelerated or slowed down. MHC genes, required for tolerization to luminal antigens, were markedly affected [28] . However, studies investigating the protective role of pre and probiotic administration toward allergic disease are still conflicting [29] [30] [31] .
The Role of the Early Microbial Contact in Newborns
In the development of the immune function, a pivotal role is played by the early microbial contact, that is likely to take place already in utero. That is why, in our understanding of the development of the immune development, the concept of ''superorganism'', already contemplating the symbiotic relationship between host and his microbiota, should be rethought in terms of the pair mother-fetus. In this ''feto-maternal host microbe interaction'' the first step of immunological education is represented by pre-and peri-partum time and the second one by lactation.
Several studies have refuted the old idea of a ''sterile'' fetus, after detecting microorganisms or their DNA in the placenta, in healthy membranes and amniotic fluid of term pregnancies. Because of the low levels of bacteria detected, it has been suggested that the aim of this ''mother-to fetus efflux of commensal bacteria'' is, rather than colonize, a way to educate the infant immune system to extrauterine life. Furthermore, although not yet fully understood, this microbial contact seems to be associated with a systemic immune response in the newborn [32
The maternal gastrointestinal tract seems to be the origin of this efflux of microorganisms toward the fetus. An elegant study on pregnant mice, after oral administration of a labeled Enterococcus faecium strain, showed a low level transfer of the labeled strain to the fetal gut and a higher level to the mammary glands [36 •• ] .
In addition to a direct intrauterine contact, there is also an indirect modulation of feto-placental immune responses during pregnancy. Maternal contact with farm animals and cats, that results in an higher maternal microbial contact during pregnancy, is able to influence the fetal immune system and, probably by altering the expression of TLR genes at birth, is responsible for a reduced risk of developing atopic dermatitis in the infant [37 •• ] . A study on a mouse model of experimental allergic airway inflammation demonstrates that the maternal intranasal exposition to a bacterium isolated from cowsheds, the Acinetobacter lwoffii F78, suppresses TLRs in placental tissue, resulting in a lower risk for the progeny of developing asthma [38] .
At birth, if the newborn passes through the birth canal, it picks up a health bolus of bacteria. These bacteria are stimulated to proliferate with the ingestion of oral feeding, particularly breast milk [39] and with weaning, resulting in adult-like microbiota that establishes itself usually about 1 year to 18 months of age. The large number of microorganisms communicate directly with epithelial cells, with DCs which penetrate between the epithelium and with underlying lymphoid elements [36
As a result of the interaction, mostly through tollreceptors, these lymphoid elements mature to produce an appropriate immune response which includes oral tolerance
Three main factors result in an inadequate initial colonization [41, 42] . One is birth by Cesarean section, which is a very common practice in developed countries. The second is the excessive use of perinatal antibiotics to mother during pregnancy or to the newborn in the perinatal period. Finally, premature delivery, where the infant may be born by cesarean section or may pass through the birth canal, but does so in such a rapid fashion that it does not pick up a large number of microorganisms, nor is its intestine able to respond to colonizing bacteria [43] .
The intestinal microbiota of infants is very different from the one of adults and shows very important interindividual variability. The succession of bacterial species in the first months of life is very complex. Development of the intestinal microbiota in infants is characterized by rapid and large changes in microbial abundance, diversity, and composition.
Culture analysis of first meconium, collected within the first 2 h of life, demonstrated early colonization by facultative anaerobes of Firmicute phylum Enterococcus, Staphylococcus and other Enterobacteriaceae) [44] . In the first days of life other facultative anaerobes and strictly anaerobic bacteria such as Bifidobacterium, Lactobacillus, Clostridium, and Bacteroides colonize the gut of newborn. In infants of 1.5-5 months of age the most abundant classes of microorganisms present in the fecal samples are Bifidobacteriales (80.6 %), while second and third most abundant classes are Lactobacillales and Clostridiales (7.2 and 3.1 %, respectively) [45] .
The correct sequence in the microbial species that colonize the intestine of the newborn in the first period of life leads to immune and metabolic programing that has long term influence on the risk of diseases. In fact the early microbial contact has been suggested to be determinant in the healthy immune maturation and development of tolerance; whereas an aberrant immune activation and responsiveness originated in this time may be the cause of allergic, metabolic, and autoimmune diseases in later life. Evidence demonstrates an association between cesarean section delivery and the risk of asthma, celiac disease, type 1 diabetes. Surprisingly, changes in the microbiota (less diverse, with lack of bifidobacterial species but increase in clostridium species) have been shown for each of these pathologies that are generally associated with an excessive or aberrant Th responsiveness [32 •• ] .
Breast Feeding
Far from being only a source of nutritional elements, the human milk represents the main stimulus to the development of the immune system for the vulnerable newborn infant. It provides passive immunoprotection through its antimicrobial factors, such as lactoferrin, lysozyme, defensins, peroxidase, IgAs, oligosaccharides, cathelicidin, TLRs with soluble CD14. Breast milk exerts also a strong immunomodulatory action and is a thriving source of colonizing bacteria [32 •• , 33] .
Human milk represents one of the main factors that play a critical role in influencing infant's microbiota composition, also being a direct source of microbes. In fact, in aseptically collected breast milk culture-dependent methods have shown Staphylococcus, Streptococcus, Bifidobacterium species; whereas a core microbiome made up of 9 bacterial genera (Staphylococcus, Streptococcus, Serratia, Pseudomonas, Corynebacterium, Ralstonia, Propionibacterium, Sphingomonas, Bradyrhizobiaceae) emerges by pyrosequencing of 16S rRNA genes in breast milk. Further complexity and inter-individual differences have been pointed out by other experiments based on cultivation and real-time qPCR [36 •• ] .
After lactose and lipids, the most abundant components (5-23 g/l) of human milk are oligosaccharides (HMOs), nondigestible glycans, that acts as prebiotics. Under the influence of several factors (lactation period, secretor status, maternal Lewis Blood Group, etc.) their production differs among women for sequence, charge and size of their molecular structure. This suggests the potential benefit of providing the infant with a different level of protection, depending on the specific growth stage, physiological state or on the environment. HMOs furthermore cooperate in improving absorption of minerals and in glucose homeostasis. Acting as prebiotics, HMOs stimulate changes, positive for the host, in the composition, in the activity and in the metabolism rate of the intestinal microflora, ensuring in this way a protective effect against pathogens. Some HMOs present similar glycan structural motifs that are supposed to act as decoy receptor for pathogens, preventing them from binding epithelial cells. HMOs improve the development of the mucosal immune system by facilitating the establishment of the microbiota, that finally results in an efficient prevention of disease. Moreover, the increase in the rate of Bifidobacteria that characterizes the breastfed microbiota has been attributed to oligosaccharides [36 
The Breast Milk Microbiota
Several studies have pointed out a higher relative abundance of Bifidobacterium and Lactobacillus in the microbiota of breastfed infants [46] [47] [48] in comparison to formula-fed infants. It is interesting to note that these differences in the microbiota composition remain even after breast feeding is discontinued [32 •• ] . Culture-dependent and -independent analysis of breast milk samples revealed the presence of Streptococcus and Staphylococcus genus, which correspond to early colonizers of the gut [49] . Bifidobacterium and Lactobacillus are also frequently detected, suggesting an important role of breast milk as a delivering system for beneficial bacteria [50] .
Other differences in formula-fed infants' microbiota have been shown: facultative anaerobes, Bacteroides, Clostridia, appear at higher level and frequency than in breastfed infants; predominant species within the Clostridia is the C. perfringens instead of C. difficile that is the most abundant Clostridium in breastfed infants [33] . Furthermore, breastfed, vaginally delivered term-infants showed a decrease in the microbiota rate of C. difficile and E. coli but an increase in beneficial bacteria, such as Bifidobacterium spp [42] . In fact, the microbial composition of breast milk is also likely dependent on the type of delivery. A different and less diverse community of microorganisms has been observed in milk samples from mothers who had elective cesarian section, compared to vaginal delivery [32 •• ].
Breast Feeding, Breast Milk Microbiota and Their Influence on the Immune Function
With respect to the gut barrier function, formula-fed infants showed a higher epithelial permeability compared with breastfed infants, independently of gestational age at the birth. In animal models, formula feeding is associated with a higher incidence of bacterial translocation (that is the passage of bacteria from the gut to the mesenteric lymph nodes and other organs) with respect to breastfed newborns [33] .
Several components of the human milk exert an immunomodulatory action. For example, soluble CD14, a receptor for lipopolysaccharide, regulates innate immune responses against Gram-negative bacteria. Furthermore, there is evidence of an inverse relationship between the breastmilk sCD14 and the risk of developing atopic disease [35] .
Functional maternal immune cells, cytokines and cytokine receptor, growth factors, contained in human milk, modulate immune responses, and intestinal maturation in the infant. A pivotal role in this sense is played by TGF-b, very abundant in human milk. In fact the TGF-b is involved in the breast milkinduced immune tolerance toward dietary antigens and indigenous intestinal microorganisms by induction of T reg cells. TGF-b restrains inflammatory responses in intestinal epithelial cells and T cells and exerts a modulation on the antigen-presenting cell. It stimulates the IgA production in the immunologically naïve neonate, thus improving the intestinal barrier function [35] . There is also evidence that TGF-b influences the immune maturation in the immature human gut [32 •• ] .
A fascinating theory proposed by Rautava et al. suggests that: ''breast milk might function as a vehicle to introduce maternal gut microbiota to the infant in tolerogenic immune milieu''. Important data have contributed to this theory, for example, the observation of a reduced risk of atopic eczema in breastfed infants after maternal consumption of the probiotic L. rhamnosus GG, that determined a higher concentration of TGF-b in breast milk. In line with this observation, a modulation of the responsiveness to TGF-b in preterm proved possible after administration of the probiotic Bifidobacterium breve
In animals, it has been demonstrated that during pregnancy and lactation there is an increased bacterial translocation and bacterially loaded DCs can easily reach the mammary gland via lymphatics and peripheral blood. Furthermore, bacteria and bacterial nucleic acids have also been detected in cells of human breast milk and in maternal peripheral blood mononuclear cells. Another elegant study has compared the flora of maternal feces, breast milk, and infant feces, highlighting an overlapping in number and type of bifidobacteria, whereas breast milk and infant feces present the same strains of staphylococci, bifidobacteria, and lactobacilli [32 •• ] .
Modulation of Microbiota in Perinatal Period
The increased incidence of allergic and autoimmune diseases, including Crohn's disease, type 1 diabetes, multiple sclerosis, and celiac disease is mainly observed in children who are born with inadequate initial bacterial colonization. The theory is that adequate colonization must occur in the immediate postpartum period for the appropriate mucosal immune response to occur. In the absence of adequate colonization, despite attempts to upgrade this later in life, apparently does not have the same impact as colonization in the neonatal period.
The ability to modulate the development and the composition of the intestinal microbiota in order to improve health of both mother and child is the basic rationale for the use of probiotics. The administration of probiotics to the mother in the perinatal period results in changes of intestinal microbiota of women that are reflected in changes of immune factors and in microbiota of the newborn. The consumption of Lactobacillus GG by Finnish mothers before birth and during lactation induced modulation of colonization and growth of Bifidobacteria in the gut of their children, in particular by increasing the diversity of species of Bifidobacteria [51] . In addition, the administration to mothers during the last weeks of pregnancy of probiotics containing a strain of lactobacilli resulted in increased amount of B. longum fecal in infants [52] and has proven effective in protecting the child from atopic dermatitis [53] . The consumption of VSL#3, a mixture of lactobacilli and bifidobacteria in the last month of pregnancy and during the first month of lactation resulted in a significant increase in breast milk concentrations of secretory IgA and antiinflammatory and immunomodulatory cytokines such as TGF-b (Fig. 1 ) and IL-6 (Fig. 2) [54] . Furthermore, the concentration of lactobacilli and bifidobacteria in the intestinal microbiota of infants breastfed by mothers who took the VSL#3 was higher compared with infants of control mothers [54] . A recent study [55] showed that oral intake of VSL#3 in the last trimester of pregnancy is associated with a modulation of the vaginal microbiota and secretion of cytokines, with significantly higher levels of IL-4 and IL-6, with an anti-inflammatory effect, and reduction of Eotaxin, a proinflammatory chemokine. VSL#3 intake was associated with a stabilization of vaginal immune responses and a global anti-inflammatory effect on the vaginal community. These changes in vaginal microbiota could have important implications in the prevention of vaginal infections and, therefore, of preterm birth.
Conclusions
The first contact with the bacteria during and immediately after birth has an important role in the development of the intestinal flora and then on the development of mucosal immune system of the newborn. Intestinal microbiota of the newborn is related to his susceptibility to infection and sensibility to antigens in the environment in the early years of life. The correct sequence in the microbial species that colonize the intestine of the newborn in the first period of life leads to immune and metabolic programing that has a long term influence on the risk of diseases.
Breast feeding is considered today the ''second step'' of immunological education. Far from being only a source of nutritional elements, the human milk represents for the vulnerable newborn infant the main stimulus to the development of his immune system. Our understanding of the interactions between microorganisms and the host is still in its infancy. We know very little of how different members of the indigenous microbiota influence each other. Furthermore, the notion of host-microbe interaction entails active communication on both the part of the host and the bacteria. One important focus area for future research is characterization of the activity of microbes and how it affects host physiology and vice versa. In order to assess the full impact of perinatal probiotic interventions, longer-term follow-up data from already conducted trials are necessary. New clinical trials with clearly defined target populations and clinical as well as immunologic, metabolic, and microbiological endpoints may be conducted and, eventually, recommendations for clinical use to improve patient care may hopefully be devised.
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